Purpose: Hypsarrhythmia is an electroencephalographic pattern associated with epileptic spasms and West syndrome. West syndrome is a devastating epileptic encephalopathy, originating in infancy. Hypsarrhythmia has been deemed to be the interictal brain activity, while the electrodecremental event associated with the spasms is denoted as the ictal event. Though characterized as chaotic, asynchronous and disorganized based on visual inspection of the EEG, little is known of the dynamics of hypsarrhythmia and how it impacts the developmental arrest of these infants. Methods: As an exploratory and feasibility study, we explored the dynamics of both hypsarrhythmia and electrodecremental events with EEG phase synchronization methods, and in a convenience sample of three outpatients with epileptic spasms. As ictal events are associated with prolonged phase synchronization, we hypothesized that if hypsarrhythmia was indeed the interictal brain activity that it would have lower phase synchronization than the electrodecremental event (ictal phase). Results: We calculated both the phase synchronization index and the temporal variability of the index in three patients with infantile spasms. Two patients had hypsarrhythmia and electrodecremental events and one had hemi-hypsarrhythmia. We found that the hypsarrhythmia pattern was a more synchronized state than the electrodecremental event.
Introduction
Hypsarrhythmia refers to the abnormal electroencephalographic (EEG) pattern observed in infants with epileptic spasms, which is an epileptic encephalopathy that presents in infancy [1, 2, 3] . Infants typically present in the first year of life, with the peak onset at 6 months of age [1, 2, 3] . Classically, the term West Syndrome has been used to describe the triad of epileptic spasms, hypsarrhythmia and developmental regression [3] . Hypsarrhythmia refers to the interictal EEG pattern and based on visual inspection, is characterized by high voltage, asynchronous slow waves with multi-focal spikes, which vary in duration and location [3, 4] . The electrodecremental event denotes the ictal pattern associated with spasms and based on visual inspection is characterized by diffuse voltage attenuation of EEG waveforms [3, 4] . The finding of hypsarrhythmia on EEG is of great concern to paediatric neurologists, as it can be associated with poor neurological outcomes. Thus both the resolution of spasms and normalization of the EEG are pivotal treatment goals [5, 6] .
Hypsarrhythmia has been characterized as a chaotic, asynchronous and disorganized pattern, based on visual inspection of the EEG tracing [1, 4, 7] . This characterization was challenged over a decade ago from a dynamic systems perspective [8] . It has been postulated that hypsarrhythmia should be regarded as a form of non-convulsive status epilepticus, based on dynamic systems and the associated impacts on cognition and development [9] . Characterizing the dynamics of hypsarrhythmia may help hasten investigations in infants with regression or subtle delays in development and thus result in earlier treatment [9] . To determine if the pattern of hypsarrhythmia represents an ictal phenomenon, research is required to determine if there is increased local neuronal synchronization during this state [10, 11] .
Digital EEG analysis has shown that the waveform is a complex signal with more information than can be ascertained by visual inspection. Use of EEG analytics using nonlinear signal processing techniques continues to reveal hidden changes [12] . Phase synchronization is an analytic process which evaluates the relationship of the phases of two signals, independent of their amplitudes. In seizure recordings, the evaluation of EEG by this method has shown that there are differences in the phase synchrony between electrodes in seizure-free recordings compared with those with seizures [13, 14] . We reason that evaluating the phase synchrony between EEG electrodes in recordings of hypsarrhythmia and electrodecremental events, would characterize these electrographic events.
If hypsarrhythmia is chaotic, then the EEG signals from each electrode should have no temporal relationships. If hypsarrhythmia represents an ictal state, then EEG phase synchrony among electrodes would be high phase synchronization, as is found in other seizure types [13] . Clinically, differentiating ictal and interictal states is important in infants with epileptic spasms [10] . Further, being able to quantify the ictal and interictal states could lead to the utilization of phase synchronization as a method of early detection for patients at risk.
Our research in traumatic brain injury showed that greater phase synchronization and less variability among EEG electrodes was associated with poor neurological outcome [15] . If hypsarrhythmia is a synchronized state, this could possibly contribute to cognitive regression. Phase synchronization can occur locally between neurons or can be long-range through a common input to multiple neurons and neuronal networks [16, 17, 18, 19, 20] . Phase synchronization exists across multiple bandwidths and exhibits variability in the form of temporal fluctuations [14, 15, 17, 19] . Our dual objectives were exploration and feasibility to characterize the phase synchrony and temporal variability of hypsarrhythmia and electrodecremental events in infants with epileptic spasms referred to our outpatient clinic.
Methods

Clinical data
A review was undertaken of the medical histories, diagnostic imaging and EEG findings of a convenience sample of three infants with epileptic spasms, who were referred to our outpatient clinic for 30 min EEG recording with video at Hospital for Sick Children in Toronto, Ontario, Canada. Research Ethics Board approval was obtained at the Hospital for Sick Children prior to study initiation.
EEG acquisition
EEG recordings from the three patients were analysed by a Canadian Board Certified Neurophysiologist (MAC). Two of the patients (referred to as patient 1 and patient 2) had the hypsarrhythmia pattern and electrodecremental events and one patient (identified as patient 3) had hemi-hypsarrhythmia involving only the right hemisphere on sleep EEG.
Scalp EEGs for the patients were acquired in accordance with hospital protocol by Canadian Board Registered EEG technologists, using the International 10-20 system of electrode placement. The recordings consisted of 19 electrodes, referenced to an electrode 1 cm below the midline parietal (Pz) which was labelled Pz' (Pz prime) reference system. The EEGs were at least 30 min in length. All EEGs were acquired with the Stellate Harmonie 1 (sampling rate 500 Hz) system. The recordings had a bandpass filter of 1 to 70 Hz and all patients had electromyographic (EMG) electrodes to record muscle movement, and electrocardiogram (EKG) leads. The EEGs were read on a reformatted anteriorposterior bipolar montage.
EEG epoch and frequency selection
A muscle and movement artefact-freeartefact-free epoch of 10 s was selected per patient EEG, representing the bilateral hypsarrhythmia pattern, the electrodecremental events, and the right hemi-hypsarrhythmia. Our previous publications have shown that multiple epochs of 10 s representing the same pattern are not statistically significantly different from each other [14, 20] . Thus for ease of calculation and feasibility of using this method in an outpatient setting, 10 s is sufficient for analysis of the EEG pattern of interest. Frequencies of interest were the delta bandwidth (3 Hz) that is generated by the cortex along with the alpha (10 Hz) and beta (15 Hz) bandwidths, both of which are generated by the thalamus [22, 23] . As the electrodecremental events are much shorter in length than epochs of hypsarrhythmia, epochs were selected to include the EEG activity pre and post the event and the time point of the event identified based on visual inspection.
EEG phase synchronization, volume conduction and temporal variability
We have used the same methods for phase synchronization and have published extensively elsewhere on this [15, 24, 21] . To summarize, the Laplacian (second-order spatial derivative) is utilized, first to minimize the effects of volume conduction so that the phase synchronization can be accurately interpreted [24] . This step is followed by the Hilbert transform to extract the instantaneous phase [25] . The resultant synchronization, R index, is then calculated as the degree of phase locking between two EEG electrodes using the circular variance of the phase difference [13] . The phase differences are measured between the phase of each electrode and that of the remaining 18 EEG electrodes in a standard 10-20 system EEG montage, resulting in 171 R index values as a function of time: one for each non-repeating channel pair.
Phase synchrony is well suited for analysis of both the hypsarrhythmia and the electrodecremental event (EDE) as the calculation is independent of amplitude. The EDE occurs with a decrease in EEG amplitude to between 5 and 25 microvolts from the high amplitude of 500 to 700 microvolts of the hypsarrhythmia pattern [26] . The temporal variability is related to the change in the R index values over time. It was calculated as the mean value of the square of the derivative of the R index time series [15] . Temporal variability was calculated for each epoch for each EEG per patient.
Processing time per patient recording averaged 10 min which includes: identifying the epochs, extracting the data, running the software. The software stores the calculated indices that can be reviewed or extracted for further statistical analysis.
Statistical analysis
Descriptive statistics, specifically means and standard deviations were used to describe the R index (resultant synchronization) and temporal variability during hypsarrhythmia and the electrodecremental event of each infant. Note that the first two patients had electrodecremental events, but the third did not. The means of the synchronization index and temporal variability during hypsarrhythmia and the electrodecremental event were then compared using a t-test. Statistical significance was considered if p < .05 (StataCorp LLC, Texas, USA).
Results
Clinical data
The first patient, patient 1 was a 6-month-old male at the time of his initial EEG recording. He presented with epileptic spasms and had 1 electrodecremental event during the EEG. Intertically, hypsarrhythmia was observed. The child had a suspected genetic/ metabolic disorder, which was undiagnosed. There was no magnetic resonance imaging (MRI) performed at the time of the initial EEG study. However, a MRI was performed in clinical follow up at the age of 26 months and showed delayed myelination.
The second patient was a 15-month-old male at the time of the initial EEG recording. He also presented with epileptic spasms and had 1 electrodecremental event during the EEG recording. Hypsarrhythmia was observed. There was a history of global developmental delay and the etiology of this was unknown. An MRI performed 9 days after the EEG recording showed prominence of extra-axial cerebrospinal fluid (CSF) noted in the anterior temporal, perisylvian and frontal regions.
The third patient was a 4-month-old female at the time of the initial EEG recording. She also presented with a history of epileptic spasms. Her EEG showed right-sided hemi-hypsarrhythmia, with no electrodecremental events. An MRI performed at 5 months of age showed a remote infarct in the distribution of the right middle cerebral artery.
Hypsarrhythmia vs. electrodecremental events
We analysed the R index for the high amplitude recording of hypsarrhythmia pattern and for low amplitude diffuse cortical attenuation of the electrodecremental events. The means and standard deviations of the R index were calculated for the hypsarrhythmia pattern and electrodecremental events to unveil all possible frequencies that are not ascertained by sole visual inspection. Our analyses of the hypsarrhythmia patterns for patients 1 and 2 showed that these patterns had higher R indices only at the 3 Hz bandwidth and not the alpha (10 Hz) or beta (15 Hz) bandwidths, when compared with those of the electrodecremental events (Fig. 1 ). These differences were statistically significant and are summarized in Table 1 . The means and standard deviations of the temporal variability were also calculated. The temporal variability of the R index was higher for the electrodecremental event compared to that of the hypsarrhythmia epoch only at the 3 Hz bandwidth and this was statistically significant as well. The temporal variability of the R index is shown in Table 2 .
Bilateral hypsarrhythmia and unilateral hemi-hypsarrhythmia
Comparison of the phase synchronization index of the bilateral hypsarrhythmia with the unilateral hypsarrhythmia showed no difference between patients at the delta frequency (3 Hz). Fig. 2 shows that at the alpha (10 Hz) and beta frequencies (15 Hz), the patient with the right hemisphere hypsarrhythmia pattern (patient 3) showed higher phase synchronization in the following electrode pairings: right middle and posterior temporal (T4 and T6) and right temporo-parietal (T4-P4). The phase synchronization at the 3 Hz bandwidth showed a common, repeating pattern in all three patients: that of a high R index across all channel pairs. This pattern was most apparent in Patient 3 and least so in Patient 2 (Fig. 2) . This pattern of increased R index in all channel pairs was not seen at the 10 and 15 Hz bandwidths (Fig. 2) .
Temporal variability
The temporal variability of the R index associated with the hypsarrhythmia epochs showed little difference between the two patients with the bilateral pattern, patients 1 and 2 (Fig. 3) . The third patient showed the lowest temporal variability in the right temporal parietal electrode pairings (Fig. 3) . Thus the electrode pairs with the highest phase synchronization index also had the lowest temporal variability (Fig. 3) . 
Phase differences
The three channel pairs exhibiting the highest phase synchrony and lowest temporal variability were compared with the contralateral channel pairs in each patient. The bilateral electrode pairs in patient 1 and 2 showed similar trends in the phase differences over time (Fig. 4) . Both of these patients had the bilateral hypsarrhythmia pattern. Interestingly, however in the third patient, who was confirmed to have a right middle cerebral infarct, the bilateral pairs show divergent phase differences (patient 3). As noted, this patient had right hemihypsarrhythmia.
Discussion
We have illustrated the use of phase synchrony as a novel EEG approach to explore the brain dynamics of hypsarrhythmia and the electrodecremental event in three infants with epileptic spasms. We aimed to characterize both hypsarrhythmia and the electrodecremental event to determine whether the former pattern is associated with lower phase synchronization akin to an inter-ictal state or whether it is characterized by higher synchronization (similar to an ictal state).
We found higher phase synchrony and lower temporal variability during hypsarrhythmia when compared with that of This table shows the differences in the R indices with the standard deviations for the hypsarrhythmia and electrodecremental epochs for patients 1 and 2. This table shows the temporal variability of the R indices and the standard deviations for the same epochs as in Table 1 . the electrodecremental event in patients 1 and 2 (Table 1) . This finding was specifically observed at the 3 Hz bandwidth, but not at 10 and 15 Hz bandwidths. We could not confirm the hypothesis that hypsarrhythmia was an interictal pattern based on the level of phase synchronization compared to that of the electrodecremental event. This preliminary finding, beyond the visual inspection of the EEG, requires replication in a larger cohort of patients to determine whether the higher phase synchrony and lower temporal variability of hypsarrhythmia only applies to these three patients with epileptic spasms or it is rather a characteristic of the hypsarrhythmic pattern. The third patient also showed a high R index at the 3 Hz bandwidth during the hemi-hypsarrhythmia pattern, but did not have an electrodecremental event. Moreover, the infant (patient 3) with the right sided hemi-hypsarrhythmia and a right middle cerebral artery infarct, showed higher phase synchronization at the 10 and 15 Hz bandwidths in the right temporal and temporo-parietal electrodes (area of infarct), compared with the two patients with the bilateral hypsarrhythmia pattern (patient 1 and 2) . Interestingly, the phase synchrony showed that despite patients having similar EEG hypsarrhythmia patterns on the raw tracings, the underlying dynamics were uniquely different (please refer to Fig. 4 , patients 1 and 2). Our patients consistently demonstrated extensive synchronous activity as measured by the R index of the EEG recording, during the hypsarrhythmia epochs. Beyond the visual inspection of hypsarrhythmia, these R indices were higher and temporal variability indices were lower, at 3 Hz, than those of the electrodecremental (ictal) event. Clearly, the visual inspection of the EEG appears limited to detect these frequency bandwidth differences, especially when the EEG is interpreted with bi-polar montage and cancellation process may mask the frequencies originating from the thalamo-cortical origin. The hypsarrhythmia pattern is often prolonged and as such, the patient may experience a long period of high R index and low variability. Interestingly, a long period of a high R index and low variability, has been shown to be associated with poor outcome in studies of paediatric brain injury [15, 21] . Given the increased synchronization observed during the pattern Fig. 3 . Temporal variability of the phase synchrony. Temporal variability of the phase synchronization for an epoch of hypsarrhythmia for the three patients. Temporal variability is on the y-axis, and all 171 EEG channel pairings are on the x-axis for all 3 patients at the 10 Hz bandwidth. In hemihypsarrhythmia (patient 3), the 3 channel pairs with the lowest temporal variability correspond with those having the highest phase synchronization (See Fig. 2) . Fig. 4 . Unwrapped phase differences. This figure shows the unwrapped phase differences (y-axis) between T6 and P4 (blue) and that of the contralateral pair, T5 and P5 (red) over time (x-axis). The bilateral electrode pairs in hypsarrhythmia (patients 1 and 2) show similar trends in the phase differences over time. The bilateral pairs show divergent phase differences in hemihypsarrhythmia (patient 3). Follow up of patient 3 with hemi-hypsarrhythmia, revealed the presence of a right middle artery cerebral infarct.
of hypsarrhythmia in our series, one could hypothesize that this increased abnormal synchronization similarly could adversely impact neurodevelopmental outcomes in infants with epileptic spasms. However, given the small sample size, additional larger studies are needed to determine the effect of increased prolonged abnormal neuronal synchronization on neurological outcomes in infants with epileptic spasms.
Interestingly, recent evidence has shown that seizures may serve the purpose of resetting brain dynamics [27, 28] . The traditional ictal event, associated with the clinical epileptic spasm, is brief in comparison to the relentlessly ongoing hypsarrhythmia pattern and has a lower R index and higher temporal variability in our patients. Studies have shown that the pre and post ictal phases have a greater rate of fluctuation, or variability in the phase synchronization than in the ictal phase [13] . In the patient with hemi-hypsarrhythmia (patient 3), the phase difference between the right temporal and right parietal electrodes (Fig. 4) shows prolonged plateaux that have been associated with ictal events [14] .
Notably, the hemi-hypsarrhythmia in patient 3, who had sustained a right middle cerebral artery infarct, reveals a unilateral persistent, phase synchronization between the right temporoparietal electrodes. Recent studies have shown that infarcts disrupt large-scale network synchronization between hemispheres [29] . This may explain why the phase differences between the right and left temporo-parietal electrodes were similar in the patients with bilateral hypsarrhythmia and markedly different (Fig. 4 ) in the patient with hemi-hypsarrhythmia. The right middle cerebral artery infarct sustained by patient 3 may have disrupted the developing long-range networks, responsible for activity at 10 and 15 Hz bandwidths. In addition, patient 3 is the youngest, at 4 months old; with the least mature myelination, further affecting long range-synchrony [29] .
Study limitations
This exploratory study has several limitations that need to be addressed with further analysis of more infants with epileptic spasms. This study was limited by small number of cases with patients of different ages and etiologies of epileptic spasms. Analysis of additional patients is needed to further validate our findings. Examination of additional patients and more epochs, will allow us to better characterize the level of synchronization and temporal variability in both states (hypsarrhythmia and electrodecremental event). Larger numbers will enable the sub-analysis of the phase synchrony and temporal variability in epileptic spasms arising from different etiologies. As age impacts both phase synchrony and temporal variability values, a larger sample size will allow for sub-analysis with respect to age [30] . Serial EEGs as part of surveillance would add power to the study findings. Characterizing the length and degree of synchronization of the hypsarrhythmia pattern over time on development outcomes is important and should be evaluated in future studies.
Though each patient acted as his or her own control in comparison of hypsarrhythmia pattern to the electrodecremental event, addition of control subjects would strengthen the study's clinical applications. Equally the addition of another modality could validate the clinical significance of our methods. For example, it would be of interest to compare whether positron emission tomography (PET) hypometabolism in infants with epileptic spasms corresponds to the highest focal findings disclosed by the R-index [31] .
Finally, to answer how the presence of ongoing hypsarrhythmia and epileptic spasms adversely affects neurodevelopmental outcomes, early detection and treatment are essential [5, 6, 32, 33] . Evaluation of a larger sample size with age and etiology cohorts would establish whether the hypsarrhythmia pattern is highly synchronized in patients with epileptic spasms. Like other highly synchronized states, the poor outcome is lack of variability in brain dynamics and therefore lack of opportunity for information processing. Thus early identification with quantitative methods would lead to early treatment and could possibly reduce the high level of phase synchronization that is associated with the hypsarrhythmia pattern [34, 35, 36] .
To address these limitations, we are currently studying a prospective cohort of 100 patients with risk factors for hypsarrhythmia and epileptic spasms. We are using a longitudinal EEG protocol with phase synchrony and temporal variability analyses to detect the early changes seen before the full development of this abnormal EEG pattern occurs [34] . The software is implemented offline for quick analysis and incorporation into the clinical report. It is possible that the early detection of the EEG features of hypsarrhythmia with the R index measure will allow for the longitudinal EEG monitoring and well-timed therapeutic intervention, to steer clear of the imminent succession of epileptic spasms and developmental delay in patients at risk [36] [37] [38] .
Conclusions
Through the use of EEG phase synchrony, we observed that the hypsarrhythmia pattern appears to be a more synchronized state than the electrodecremental event in infants with epileptic spasms. The different phase synchrony and temporal variability patterns that underlie classical hypsarrhythmia vary between patients, thus providing more information than through the visual inspection alone of the raw EEG recordings. Ultimately, additional larger studies are needed to further study phase synchronization and validate our findings. Further studies may be aimed at determining the effect of phase synchronization on neurodevelopmental outcomes in infants with epileptic spasms. In the future, phase synchrony and its variability may be used as a novel computational tool for the evaluation and detection of hypsarrhythmia in infants at risk of epileptic spasms.
